This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. Plain Language Summary Subduction is one of the most important processes of plate tectonics and controls the global cycle of elements from surface to Earth's interior. Recycling via subduction is an efficient mechanism for returning light and incompatible trace elements to the mantle. Trace elements and isotopic compositions represent a unique tool for investigating the different components in defining the geochemical signature of orogenic magmas. We apply the study of Mo elemental and isotopic systematics to some Italian potassic volcanic rocks (i.e., leucite-free rocks from Tuscany and leucite-bearing rocks from Vesuvius), which are from mantle sources clearly dominated by different recycled sediments (carbonate poor vs. carbonate rich). Mo isotope compositions of these two groups are similar, at odds with the significantly different trace element and radiogenic isotope signature, and are also among the heaviest recorded in subduction-related magmas arguing for originally heavy recycled sediment components. The distribution of Mo, Ce, and Nb between the two groups requires specific fractionation that can be explained by the role of different accessory phases (sulfides vs. epidote) occurring as residual phases after sediment melting. We present a model to constrain the process liable to reproduce the melt components responsible for mantle metasomatism of the studied rocks.
Introduction
Subduction zones represent the primary geological setting where the oceanic crust (basalts and sediments) and possibly the continental crust are recycled into our planet's interior. Subduction-related volcanic rocks bear specific geochemical signatures recording the type of materials recycled and the nature of their transport into the mantle; slab-derived fluids with radiogenic isotope compositions similar to that of mafic oceanic crust and slab-derived melts inferred to be derived from recycling of subducted sediments (e.g., Elliott, 2003; Hawkesworth et al., 1993 Hawkesworth et al., , 1997 Plank, 2005; Plank & Langmuir, 1993) .
In the last decade, "non-traditional" Mo stable isotopic systematics were explored to obtain new insights into the generation of these slab components at subduction zones (Freymuth et al., 2015 ; Gaschnig et al., ©2019 . The Authors. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
2017; König et al., 2016; Voegelin et al., 2014; Wille et al., 2018) . Fluid-dominated arcs are generally characterized by high δ 98/95 Mo (Freymuth et al., 2015; König et al., 2016) , while sediment-dominated subduction-related magmas have variable Mo isotopic signatures from light (e.g., Cyprus and Papua New Guinea; König et al., 2016) to heavy (Aegean, Voegelin et al., 2014 , Lesser Antilles, Freymuth et al., 2016 , Banda, Wille et al., 2018 .
The reasons for the variability of Mo isotopic compositions in subduction zone lavas remain a matter of debate. In this study, we report new Mo isotope data on potassic and ultrapotassic mafic rocks produced at destructive plate margins by partial melting of mantle sources strongly modified by large amounts of recycled sediments (e.g., Casalini et al., 2017 Casalini et al., , 2018 Conticelli & Peccerillo, 1992; Conticelli et al., 2013 Conticelli et al., , 2015 Prelević & Foley, 2007; Prelević et al., 2006) . The aim is to add a new piece to the Mo isotope puzzle, investigating two contrasting cases of subduction-related orogenic potassic magmas from Central-Southern Italian peninsula: the leucite-free lamproite-like rocks of the Tuscan Magmatic Province (hereafter TMP), in Central Italy, and the leucite-bearing rocks of Mt. Vesuvius, in Southern Italy (Figure 1 ).
Both occurrences have long been studied due to their exotic compositions, which display both mantle-and crust-like geochemical characteristics. Many previous studies have extensively debated when and where the marked crustal signatures of these rocks were acquired. It is now widely accepted that the genesis of these potassic magmas is due to the dominant role of recycled sediment melt addition to their sources within the mantle wedge (e.g., Avanzinelli et al., 2008 Avanzinelli et al., , 2009 Avanzinelli et al., , 2018 Ayuso et al., 1998; Conticelli & Peccerillo, 1992; Conticelli et al., 2013 Conticelli et al., , 2015 D'Antonio et al., 1999; Foley, 1992; Iovine et al., 2018; Peccerillo, 1998 Peccerillo, , 2001 Peccerillo, , 2017 .
The compositions of the magmas, however, reveal a significant difference in the lithologies of the subducted materials contributing to the sources of the two suites, with carbonate-rich sediments recycled beneath Mt. Vesuvius compared to siliciclastic, carbonate-poor, sediments recycled into the mantle beneath the TMP (e.g., Avanzinelli et al., 2009 Avanzinelli et al., , 2018 Conticelli et al., 2011 Conticelli et al., , 2015 Peccerillo, 2017) . Such a difference is liable to control the residual phase mineralogy during sediment melting and can potentially add new constraints to the fate of Mo and its isotopes during subduction and recycling of sediments at convergent margins. In order to better constrain the mantle enrichment process via sediment melting, we also present data on selected sedimentary material representative of that subducted underneath the two regions. ) can be easily transported to the ocean. Similarly, it was proposed that Mo could be mobilized from the subducting slab during its dehydration (Freymuth et al., 2015; König et al., 2010) , although Noll et al. (1996) argued that Mo could be largely immobile in fluids from the subducting slab. Mo forms a number of particle reactive sulfide compounds, which leads to strong Mo enrichment in sediments deposited in sulfidic conditions such as black shales (e.g., Bertine & Turekian, 1973) although the exact processes for Mo scavenging are still not clear (see Kendall et al., 2017 for review Barling et al., 2001; Siebert et al., 2003) . In oxic conditions Mo is dissolved in seawater and it is partially absorbed onto Fe-Mn oxides, which preferentially incorporate light Mo isotopes. Relatively low δ 98/95 Mo are also reported for suboxic or mildly anoxic sedimentary environments, due to nonquantitative absorption processes. On the other hand, in strongly reducing conditions, Mo is quantitatively scavenged from seawater into anoxic sediments, without any significant isotopic fractionation, as shown by the isotopically heavy Mo recorded in black shales (e.g., Arnold et al., 2004; Barling et al., 2001; Neubert et al., 2008) . The occurrence of isotopically distinct reservoirs of superficial Mo in sediments that are then recycled into the mantle raised the interest in the use of Mo isotopes as tracers in subduction zones (e.g., Freymuth et al., 2016) .
Molybdenum Isotope Systematics at Subduction Zone
Some studies (e.g., Voegelin et al., 2014; Wille et al., 2018) suggested that differentiation of high-temperature hydrous magmas results in measurable isotopic fractionations, although at much smaller magnitude than the fractionations observed in low-temperature environments. On the other hand, work on Iceland (Yang et al., 2015) and other studies on subduction-related settings (e.g., Casalini, 2018; Freymuth et al., 2015; Gaschnig et al., 2017) found no evidence indicating δ 98/95 Mo fractionation during magma differentiation, but the latter did identify Mo isotopic fractionation during the processes of their genesis. Freymuth et al. (2015) accounted for the generally high δ 98/95 Mo measured in the Mariana arc lavas as due to the addition of fluids expelled from the subducting basaltic crust. They tentatively suggested that high δ 98/95 Mo was produced by fractionation of Mo between fluid and residual rutile during slab dehydration, with rutile retaining the lighter Mo isotopes. Similar inferences were made by König et al. (2016) on rocks from different volcanic arcs (Solomon arc and Bismark arc) and subduction-related settings (e.g., Cyprus). The low δ 98/95 Mo of the lavas from Cyprus was explained by the breakdown of residual rutile and release of isotopically light Mo (König et al., 2016) .
Alternatively, the isotopic composition of erupted magmas may reflect the original δ 98/95 Mo of the subducted sediment, with little or no fractionation during subduction Gaschnig et al., 2017) . These two independent studies on sediment-dominated lavas from the Lesser Antilles highlighted that high δ 98/95 Mo is inherited directly from either the subducted anoxic black shales or recycling of their melts into the mantle wedge, whereas the low δ 98/95 Mo values are derived from the involvement oxicsuboxic isotopically light sediments Gaschnig et al., 2017) . Further information on this scenario is provided by a recent experimental study of Skora et al. (2017) carried out on sediments similar to those invoked to metasomatize the mantle wedge of the Lesser Antilles.
Materials and Methods

Volcanic Rocks
The studied samples belong to two Italian potassic-ultrapotassic associations, namely, the TMP, which consists of leucite-free potassic to ultrapotassic igneous rocks emplaced from Miocene to Lower Pleistocene in 10.1029/2019GC008193
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Southern Tuscany and Northern Latium (e.g., Conticelli et al., 2009 Conticelli et al., , 2011 Conticelli et al., , 2013 and Mt. Vesuvius in the Neapolitan District of the Roman Province, which consists of leucite-bearing volcanic rocks erupted from Middle Pleistocene to Holocene Ayuso et al., 1998; Cioni et al., 2008; Santacroce et al., 1993 ; Figure 1 ). Both associations are enriched in incompatible trace elements, with a marked subduction-related signature (i.e., low Ce/Pb and high (Th/Nb) n , Figure 2a) , and plot within the sediment-dominated sector of the a Ba/Th versus (La/Sm) n diagram ( Figure 2b ) used to discriminate mantle wedge metasomatism by subducting slab fluids versus melts (Elliott, 2003) .
Despite these generally similar characteristics, the two magmatic provinces differ in terms of degree of silica saturation, trace element ratios, and radiogenic isotope (Sr, Nd, and Pb) signatures. These differences have long been discussed and investigated starting from the early twentieth century, on the basis of geochemical and mineralogical compositions (e.g., Washington, 1906) , and then later with the addition of isotope composition (e.g., Savelli, 1967; Vollmer, 1976) ; we refer to the comprehensive recent reviews of Conticelli et al. (2010 Conticelli et al. ( , 2015 and Peccerillo (2017) for details on their elemental and traditional isotopic characteristics and geodynamic implications. The key difference between the two associations of magmas is the change in nature and composition of the subducted crustal material contributing to their mantle sources ( Figure 3 ). Terrigenous siliciclastic sediments are the dominant subducted material added to the lithospheric mantle source of the leucite-free ultrapotassic rocks of the TMP (e.g., Avanzinelli et al., 2009; Conticelli & Peccerillo, 1992; Conticelli et al., 2004 Conticelli et al., , 2009 Conticelli et al., , 2013 Conticelli et al., , 2015 , while a two-step metasomatic process was recently invoked to account for the mantle wedge composition beneath Mt. Vesuvius . The first step consists of melts from a slab-derived component (basalt + siliciclastic) similar to that metasomatizing the mantle wedge of the neighboring Stromboli volcano; the second step consists of melts from a slab-derived marly component, responsible for values of ( 238 U/ 230 Th)>1 recorded in Mt. Vesuvius magmas (Avanzinelli et al., 2008 .
All samples were selected from a group of well-characterized rocks. Lucite-free ultrapotassic rocks of the TMP rocks show petrographic and geochemical characteristics indicating no crustal contamination occurred in the most mafic samples (e.g., Ammannati et al., 2016; Conticelli, 1998; Conticelli et al., 2015) . At Vesuvius, on the other hand, a significant role for crustal contamination was suggested (e.g., Iacono-Marziano et al., Figure 7 and Table S1 ). Colored fields refer to Tuscan and Vesuvius magmas from literature (see Conticelli et al., 2015 , for a review). Other arcs, reported for comparison, are from GeoRoc database (georoc.mpch-mainz.gwdg.de/georoc/). The MORB value represents the average of compilation of global MORB data from Gale et al. (2013) . The CC (continental crust) composition is from Rudnick and Gao (2014) . Conticelli et al., 2015) . Tuscan Magmatic Province (TMP) magmas are modeled by a mixing curve between a depleted mantle source (DM) and the Ca-poor siliciclastic sediment composite C2 (see text for details). Vesuvius magmas are modeled according to the two-step metasomatic process reported in Avanzinelli et al. (2018) . The composition of the mantle source after the first step I (ST-1: yellow symbol) taken from Avanzinelli et al. (2018) 
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Geochemistry, Geophysics, Geosystems Pichavant et al., 2014) although Avanzinelli et al. (2018) showed, on the basis of U-series disequilibria and δ 238/235 U, that such a process has little effect, if any, on the overall trace element abundances and radiogenic isotope signatures of leucite-bearing Vesuvius lavas.
Eight representative samples of the most mafic volcanic rocks of the TMP were selected from either subvolcanic bodies or small lava flows (Figure 1 ). In order to include in the data set all the different series occurring in the area, we selected, on the basis of their K 2 O content, five lamproites, two shoshonites, and one high-K calc-alkaline basalt (Tables S1 and S2 in the supporting information). Lamproite samples are from Orciatico (4.1 Ma), Montecatini val di Cecina (4.1 Ma), and Torre Alfina (0.88 Ma) centers (dark green symbols in all diagrams); shoshonites and the high-K calc-alkaline basalt are from Monte Cimino (0.98 Ma) and Radicofani (1.2 Ma) volcanoes (light green symbols in all diagrams). All samples (see Table S1 ) are silica saturated, have high Mg# [mol MgO/(MgO+FeO tot )], and preserve a "primitive" character as testified by mineralogical and petrologic characteristics (e.g., Ammannati et al., 2016; Conticelli et al., 2011 Conticelli et al., , 2013 Conticelli et al., , 2015 Foley, 1992; Peccerillo, 2017) . Their trace element contents display a typical subduction-related pattern characterized by high Large-Ion Lithophile Elements/High Field Strength Elements ratios (e.g., Figure 2a ), while their Sr, Nd, and Pb isotope compositions (e.g., Figure 3 ) indicate recycling of a siliciclastic crustal component to their mantle source (e.g., Conticelli & Peccerillo, 1992; Conticelli et al., 2009 Conticelli et al., , 2011 Conticelli et al., , 2013 Conticelli et al., , 2015 Gasperini et al., 2002 , and references therein). The seven samples from Vesuvius were selected from a suite of mafic lava flows of the 1631-1944 Common Era period of activity and are silica-undersaturated leucitebearing rocks, recently reported and discussed in Avanzinelli et al. (2018) . The Mt. Vesuvius volcanic edifice belongs to Neapolitan District, the southernmost and youngest volcanic products of the Roman Magmatic Province ( 
Sedimentary Rocks
The Tethyan oceanic plate has been totally consumed beneath the European plate, and the only remnants are represented by nappes (i.e., Ligurides; Vai & Martini, 2013) outcropping along the Apennine belt, which were obducted onto the Adria plate during the Miocene anticlockwise rotation of the European plate (e.g., Faccenna et al., 2001; Vai & Martini, 2013) .
Hence, to investigate the influence of recycled sedimentary material on the Mo isotopic composition of the studied magmas, we have selected and analyzed several samples outcropping on the nearby transect of the Apennine chain and representing a complete section of the obducted Tethyan oceanic crust from mafic peridotite at the bottom to thick layers of Ca-rich sedimentary rocks (e.g., Calpionella Limestone, Vai & Martini, 2001 ) and pelagic Ca-poor shales and turbidites (e.g., Palombini Shales, Val di Vara Supergroup, Vai & Martini, 2013) , at the top of the log. The samples collected (Tables S1 and S2 ) are likely analogues of the subducted sedimentary lithologies that are responsible for mantle source enrichment of the TMP and Vesuvius magmas.
Analytical Methods
Sample preparation and measurements were performed at the University of Bristol using a ThermoFinnigan Neptune™ multicollector inductively coupled plasma mass spectrometer. The instrument is equipped with nine Faraday cups connected to feedback amplifiers with 10 11 Ω resistors. Operational settings, Mo isotopic composition, and Mo concentration with the double spike technique are from Willbold et al. (2016) . A 97 Mo-100 Mo double spike was employed in this study and was added to all samples before the dissolution. The chemical procedure used to purify Mo from the matrix element consisted of a single anionic exchange column step in low aspect ratio Bio-Rad "Poly-prep" columns filled with AG1x8 (100-200 mesh) resin (Willbold et al., 2016) . This procedure allows an efficient removal of most of the matrix and those elements causing isobaric interferences (such as Ru). Sediments or large samples were loaded onto 2 ml anion exchange resin, whereas lava samples were loaded onto 1 ml resin adjusting eluting acid volumes accordingly. All the sedimentary rocks were treated before acid digestion with concentrated HNO 3 and H 2 O 2 to remove organics. Geochemistry, Geophysics, Geosystems Technology (NIST) (Goldberg et al., 2013; Greber et al., 2012) . Our sample and reference sample solutions had the same concentration during measurements (300-400 ppb), yielding some 7 × 10 −11 A ion currents for 98
Mo. The typical inlet instrument setting used, includes a combination of Aridus desolvating system, PFA nebulizer (nominal 50 μl/min) and Ni "h-type" skimmer cones.
All the sessions were preceded by measurements of three aliquots of NIST reference material mixed with the 97 Mo-100 Mo double spike in solution/spike ratios ranging from 2:1 to 1:2 to assess the effect of variable sample/spike ratio on the accuracy of the determined Mo isotope ratios.
The external reproducibility on replicate analyses of the arc basalt JB-2 international reference sample (one aliquot in each batch of samples) yielded δ 98/95 Mo = 0.052 ± 0.031‰ and Mo = 0.897 ± 0.026 ppm (n = 19, Table 1 ), in agreement with literature data (Freymuth et al., 2015; Willbold et al., 2016) . The uncertainties reported for JB-2 reference sample represent 2σ standard deviations of repeated measurements and so are indicative of the reproducibility of the unknown samples.
Total procedural blanks over the period of measurements were <100 pg for small size samples (<100 mg powder, separated on 1 ml column volume, n = 7) and <200 pg for large samples (up to 1.5 g, separated on 2 ml column volume, n = 3), well within the acceptable range suggested by Willbold et al. (2016) . Each duplicate analysis reported in Table 1 (as rep) consists of a repeat of the entire procedure from the same powered rock sample.
Results
Volcanic Rocks
The results of Mo isotopic composition and Mo concentration on the studied samples are reported in Table 1 ; the full data set for each sample is provided as supporting information (Tables S1 and S2 ).
In general, Ce/Mo of arc magmas has been suggested to be either near constant (Noll et al., 1996) and similar to Middle Ocean Ridge Basalt (MORB) values (~30: Gale et al., 2013) or to be lowered by the relatively high mobility of Mo than Ce in slab-derived fluids (Bali et al., 2012; Freymuth et al., 2015; König et al., 2010 König et al., , 2016 . In fact, our data show an opposite behavior of Mo and Ce between TMP and Mt. Vesuvius rocks (Figure 4 ). The magmatic products from the former show variable and consistently high Ce/Mo at low Mo contents ( Figure 4a ) and are significantly different from all other subduction-related magmas reported so far. The lamproites (ultrapotassic leucite-free rocks) have slightly higher Mo than shoshonites (potassic leucite free), and more than twofold Ce/Mo variation within the TMP samples (Ce/Mo = 170-350) is dominated by Ce abundance variability (Figure 4a ). The variable Ce/Mo of these rocks (Figure 4a ) is at odds with the similar degree of incompatibility of Mo and Ce during mantle melting (Newsom et al., 1986; Noll et al., 1996; Sims et al., 1990) and demands that unique metasomatic processes affect their mantle sources.
On the other hand, the Vesuvius samples show significantly lower and less variable Ce/Mo values (25 on average) than Tuscan magmas, similar to some other subduction-related magmas yet with higher Ce and Mo absolute contents. In this case, Ce/Mo is controlled by Mo content, which is higher than in the TMP rocks (3.02-4.91 ppm), while Ce remains almost constant (~100 ppm; Figure 4a ). There is no correlation between Ce/Mo and MgO content (Figure 4b ), suggesting that this elemental ratio is not influenced by magmatic differentiation and reflects the original heterogeneity of the magma source linked to the nature of the material involved during subduction and to the processes responsible for its recycling.
Despite their significant differences in trace elements (e.g., Ce, Mo, and Ce/Mo) and radiogenic isotope compositions (Figure 3 and Tables S1 and S2; see also Conticelli et al., 2015 for a review), the two Italian magmatic associations show strikingly similar δ 98/95 Mo compositions (Figure 4c ). Indeed, all the analyzed magmas out- Mo than MORBs (Bezard et al., 2016; Freymuth et al., 2015; Liang et al., 2017) and are among the heaviest Mo isotope compositions recorded so far in subduction-related magmas (e.g., Aegean arc, Cyprus, Marianas, Solomon Islands, and Papua New Guinea; Freymuth et al., 2015; König et al., 2016; Voegelin et al., 2014; Figure 4c Geochemistry, Geophysics, Geosystems Geochemistry, Geophysics, Geosystems case, the trace element, radiogenic isotope, and Mo isotope compositions have been advocated to support the predominant role of recycled sedimentary material into their magma source with no Mo isotope fractionation Gaschnig et al., 2017) . In contrast, in the second two cases the Mo isotope variation from isotopically light to heavy values has been interpreted as due to isotopic fractionation during (Freymuth et al., 2015 Gaschnig et al., 2017; König et al., 2016; Voegelin et al., 2014; Wille et al., 2018) and MORB average (Gale et al., 2013) . Mo (‰) normalizsed to NIST 3134 of the studied magmas. Error bars (2 s.e., standard error) of the studied samples are smaller than symbol size.
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Geochemistry, Geophysics, Geosystems magmatic differentiation (Voegelin et al., 2014; Wille et al., 2018) , although Willbold and Elliott (2017) (Figure 1 ) and unlikely to be linked by differentiation. Considering the whole data set, the relatively small variation of δ 98/95 Mo with respect to the large MgO range (9.3-3.0 wt. %) suggests that Mo isotopic compositions of the studied rocks are not controlled by fractional crystallization processes (Figure 4c ), although the nature of the sample set makes this assessment undefinitive. This is different from the evidence reported for Kos (Voegelin et al., 2014) and Banda Arc (Wille et al., 2018 ) but consistent to other volcanic suites (e.g., Casalini, 2018; Freymuth et al., 2015; Gaschnig et al., 2017; König et al., 2016; Yang et al., 2015) .
Sediments
The results of Mo isotopic compositions and Mo concentrations of the sedimentary samples are listed in Table 1 and shown in Figure 5 (with Ce/Mo). The samples are subdivided into siliciclastic (hereafter Ca-poor) and marly (hereafter Ca-rich) lithologies, according to their mineralogy, geochemical composition, and Sr isotope compositions (Figure 3 ). The two groups are also consistent with previous studies that modeled mantle enrichment processes underneath TMP and Vesuvius (e.g., Figure 3 ; Avanzinelli et al., 2008 Avanzinelli et al., , 2009 Avanzinelli et al., , 2018 Conticelli et al., 2015; Iovine et al., 2018; Peccerillo, 2017) .
As a whole, the sedimentary rocks have relatively low Mo contents, with no significant difference between the two lithologies (Ca-rich marls 0.22-0.58 ppm and Ca-poor shale 0.11-1.10 ppm; Mo values occur in a wide variety of sedimentary materials deposited under oxic-to-slightly anoxic conditions. In our data set, marly rocks represent admixtures between continental-derived clays and seawater carbonates. The former could be driven to isotopically light Mo isotope compositions, according to evidence reported in Archer and Vance (2008) who showed that weathering preferentially removes the heavier Mo isotopes, while the latter should be isotopically heavy according to the values reported in Voegelin et al. (2009) . In our data set, however, Ca-poor shales show variable δ
98/95
Mo, including isotopically heavy values, and in general they are not lighter than Ca-rich marls ( Figure 5) ; this reinforces the notion that local redox conditions of the depositional basin (e.g., basin restriction, productivity upwelling, and occurrence of Fe-Mn nodule fractionation) rather than the lithology exert the main control on Mo isotopes. Similar isotopic variability within different sediment types had been extensively reported by studies where Mo isotopes are used as oceanic paleoproxy, entailing that the isotopic range defined by sediments deposited under variable suboxic to anoxic conditions covers almost the entire isotopic range comprised Freymuth et al., 2015 Freymuth et al., , 2016 Gaschnig et al., 2017) . Mo isotope composition of MORB is from Freymuth et al. (2015) , while its Ce/Mo is the average (±1σ) from Gale et al. (2013) .
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Geochemistry, Geophysics, Geosystems between oxic Fe-Mn nodules and euxinic sediments (see Kendall et al., 2017 , for a review). The sediment data from our study are shown in Figure 5 together with those of the sedimentary samples from the Pacific crust (ODP Leg 129; Freymuth et al., 2015, and DSDP Site 144, Freymuth et al., 2016; Gaschnig et al., 2017) Previous studies have estimated the average composition of the subducting component taking into account the thickness and density of each stratigraphic unit (Carpentier et al., 2008; Plank & Langmuir, 1993) . In our case this is not possible due to the total consumption of the Tethys ocean lithosphere. Therefore, we attempted to calculate putative sediment composites mixing the different samples from each group using a geochemical criterion. Namely, the two different sediment composites were constructed to attain Sr and Nd isotopic compositions consistent with those of the metasomatizing agents modeled in previous studies for the genesis of the TMP and Vesuvius magmas (dashed fields; Figure 3 ): (i) a Ca-poor sediment composite for the Tuscan mantle source (e.g., Conticelli, 1998; Conticelli et al., 2009 Conticelli et al., , 2011 Conticelli et al., , 2013 and (ii) a Ca-rich sediment composite for the second step of metasomatism of the Vesuvius mantle source . The geochemical and isotopic characteristics of the estimated composites are reported in Tables S1  and S3 . Considering the presence in the Ca-rich group of a single sample with extremely low δ
98/95
Mo, we tentatively calculated two different Ca-rich composites ( Figure 5 ): one excluding the aforementioned anomalous light sample (C1 a ) and the other including all the samples (C1 b ).
As a result of the different weighing mixtures to attain the correct Sr and Nd isotopic composition (Figure 3) , the two composites have distinct trace element and, obviously, radiogenic isotope compositions (Table S1 ). In terms of Mo isotopes, however, composite C1 a (Ca rich) and C2 (Ca poor) have similar δ 98/95 Mo (0.38‰ and 0.30‰, respectively), while C1 b composite yields an obviously lower δ
Mo (−0.05‰), due to the effect of the anomalously light sediment sample ( Figure 5 ). In contrast, Ce/Mo is significantly different between the two composites: lower for the two Ca-rich composites (Ce/Mo = 84 and 85 for C1 a and C1 b , respectively) and higher for the Ca-poor composite (Ce/Mo = 175). We are aware that these estimates may not represent the actual sedimentary composites recycled in the mantle, but they provide an indication of the overall weighted average composition of such material, which will serve as a starting point, together with the volcanic rock data, to discuss the behavior of Mo (and Ce) in subduction zones.
Discussion
It has long been demonstrated (e.g., Avanzinelli et al., 2008 Avanzinelli et al., , 2009 Avanzinelli et al., , 2018 Conticelli & Peccerillo, 1992; Gasperini et al., 2002; Iovine et al., 2018; Peccerillo, 1998 Peccerillo, , 2017 , for reviews) that the mantle sources of TMP and Vesuvius magmas are strongly metasomatized by sediment melt components recycled through subduction, which differ in lithology (and thus geochemical and isotopic composition). While Tuscan magmas demand for a mainly siliciclastic (i.e., Ca-poor) sediment, Vesuvius rocks require a two-step process, the second of which must involve marly (i.e., Ca-rich) sediments  Figure 3 ). As highlighted in the previous section (Figure 4) , the Ce/Mo and δ 98/95 Mo are not likely to be affected by crystal fractionation processes. The same holds true for mantle melting, given the similar degree of incompatibility of Mo and Ce (Newsom et al., 1986) . For this reason, in the following discussion we will focus on the behavior of these geochemical and isotopic parameters during the subduction-related metasomatic process, considering the above-mentioned different lithologies involved. The striking observation arising from our data is that these magmas have distinct trace element composition, in particular Ce/Mo but broadly similar δ 98/95 Mo.
The same characteristics likely apply to the sediment melt components, which are likely to dominate the trace element and isotopic budget of the mantle source of these highly enriched magmas. This is because these slab-derived metasomatic agents form low melting point components within the metasomatized mantle (i.e., veins; Foley, 1992) , which are expected to be totally exhausted and diluted with ambient mantle during mantle melting.
Ce/Mo and Sediment Melting
The Ce/Mo calculated for the Ca-poor composite (C2) is higher than that of the Ca-rich composites (C1 a,b ), consistent with the different Ce/Mo of TMP and Vesuvius magmas (Figure 6a ). Yet the Ce/Mo of the studied magmas requires further elemental fractionation, in an opposite sense for the two cases. Tuscan rocks require a sediment melt component with Ce/Mo higher than that of the bulk composite C2 (Figure 6a ). Vesuvius lavas require, instead, a sediment melt component with Ce/Mo lower than that of the bulk composites C1 (no difference between C1 a and C1 b ).
Here we attempt to set constraints on the fractionation of Ce from Mo, which is able to reproduce the melt components metasomatizing the mantle wedge and account for the Ce/Mo of TMP and Vesuvius rocks. The fate of Mo isotopes will be discussed in the next section. The difference between the bulk Ce/Mo and the Ce/Mo melts of the sediment components must be related to the different lithologies (C1 vs. C2) and the process of sediment partial melting. 
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Assuming a sediment melting degree of some 50% (e.g., Skora et al., 2015 Skora et al., , 2017 , we calculated the D Mo and D Ce needed to attain Ce/Mo values in the sediment melt components able to account for the Ce/Mo of the studied samples (Figure 6c ). In the case of the Vesuvius magmas, in order to achieve the low inferred Ce/Mo melt , we assume Mo as perfectly incompatible in the residual mineralogy (D Mo = 0) and even in this end-ember case Ce needs to be compatible (symbols are shown for D Ce = 1, 3, 7 in Figure 6c ). Considering a slightly higher D Mo would obviously require a consequent increase in D Ce . This situation requires a residual sediment mineralogy where host phases retain Ce but not Mo, such as epidote group minerals (Skora et al., 2017) . Such a behavior is consistent with the findings of two recent studies (i.e., Avanzinelli et al., 2018; Skora et al., 2017) , which linked the nature of the residual phases during slab melting to the lithology of the downgoing sediments and the redox conditions. These two parameters are critical in controlling Ce/Mo of sediment melts.
During melting of Ca-rich sediments, high Ca-content and oxidizing conditions allow the stability of epidote group minerals, which strongly retain Ce (along with other REE and Th) but not Mo and produce low Ce/Mo melt components (Ce/Mo = 0.4-13; Skora et al., 2017) . In a recent paper, Avanzinelli et al. (2018) demonstrated the key role played by residual epidote during the second step of metasomatism in the mantle source of Vesuvius magmas (including the samples analyzed in this study). These authors, combining U series disequilibria and δ 238/235 U, suggested that melting of Ca-rich sediments favored the conditions for residual epidote formation, which retained Th over U, and produced a metasomatic agent with elevated ( 238 U/ 230 Th) of the order of those observed at Vesuvius. We argue here that the same process can also account for the low Ce/Mo of the metasomatic melt component involved in the mantle source of Vesuvius magmas (Figure 6c ). and 2) are shown in Figure 6c . Rutile is considered as the main host phase for Mo in downgoing slab, during both dehydration (Freymuth et al., 2015; König et al., 2016) and sediment melting, with an estimated D Mo Rt = 4 (Skora et al., 2017) . In our case, however, the observed shift in Ce/Mo requires extremely high D Mo (Figure 6c ) that is difficult to ascribe only to the effect of rutile. Indeed, a D Mo = 1 implies the presence of 25% residual rutile, which is clearly unrealistic for simple stoichiometric reasons; starting from a sediment with 1 wt.% TiO 2 and assuming 50% partial melting, even if all the TiO 2 was retained in the residue, a maximum of about 2% rutile would be possible. In addition, rutile is also a major repository phase for Nb (and Ta). The absolute Nb content of TMP and Mt. Vesuvius magmas is similar (Figure 7) , in contrast to the observed Th content, which controls the (Th/Nb) n ratio ( Figure 2a) . A more important role of rutile in the Tuscan magmas would result in lower Nb content than Vesuvius, which is not observed.
This argues against rutile as the key phase responsible for the difference in Ce/Mo between Tuscan and Vesuvius magmas. Accordingly, in the experiments of Skora et al. (2015) , residual rutile was observed both for Ca-poor and Ca-rich sediments during melting. Therefore, other residual phases retaining Mo must have been present during sediment melting. In the experiments of Skora et al. (2017) , melting of Ca-poor sediments in reducing conditions resulted in the stabilization of also sulfides, which remained stable in the residue. Sulfides represent another preferential host phases for Mo (e.g., Li & Audétat, 2012) , and the net partitioning effects in these Ca-poor sediment melts (Skora et al., 2017) can produce Ce/Mo values consistent with those required for the TMP magmas (Figure 6c ). It is thus tempting to suggest that sulfides played a major role in producing the high Ce/Mo of the mantle source of Tuscan magmas. (Freymuth et al., , 2015 Gaschnig et al., 2017; König et al., 2016; Voegelin et al., 2014; Wille et al., 2018) and MORB average (Gale et al., 2013) . Legend as in Figure 4 . (Freymuth et al., 2015; König et al., 2016; Willbold & Elliott, 2017) and cryptic amphibole (Wille et al., 2018) . In our case this process can apply only to the Tuscan magmas, where high Ce/Mo is consistent with dominant role of residual sulfides ± rutile, but not to Vesuvius, where low Ce/Mo requires the presence of residual epidote (Figure 6b ). For Tuscan rocks, the estimated sediment composite ( In the case of Vesuvius, we proposed two possible sediment composites for the second step of mantle metasomatism ( Figure 6a ): one with high (C1 a ) and the other with low δ 98/95 Mo (C1 b ). As discussed above, the decrease of Ce/Mo requires the dominant role of residual epidote (Figure 6b ). Given the incompatibility of Mo in epidote, no significant isotopic fractionation is expected during sediment melting, implying that the low δ 98/95 Mo of composite C1 b is not suitable to represent the bulk sediment component metasomatizing the mantle source. The Vesuvius samples define a broad linear trend (curved in the semilog diagram of Figure 6c ) that intersects the sediment melt component from C1 a composite at Ce/Mo~10 (D Ce = 7). The extrapolation of this linear trend to the mantle end-member does not pass through the original depleted mantle (i.e., DM) composition but intersects a point on the DM-C2 mixing line at Ce/Mo~50-60, indicating a mantle end-member previously affected by a limited amount of metasomatism by a Ca-poor sediment melt component. This is consistent with the evidence for a two-step mantle metasomatism arising from U-series disequilibria, long-lived radiogenic isotopes (Sr, Nd, and Pb) and δ 238/235 U . The first step consists of melts from a slab-derived component (basalt + siliciclastic) similar to that metasomatizing the mantle wedge of the neighboring Stromboli volcano. Although no solid constraints can be set on its Ce/Mo and δ 98/95 Mo, this mainly siliciclastic component can be assumed to be similar to the Ca-poor melt component modeled for the TMP magmas (Figure 6c ). The second step consists of melts from a slab-derived marly component (C1 a ), which is also responsible for ( 238 U/ 230 Th)>1 recorded in Mt. Vesuvius magmas .
Concluding Remarks
The two different volcanic associations of subduction-related potassic and ultrapotassic igneous rocks of TMP and Mt. Vesuvius display among the high δ 98/95 Mo recorded so far in subduction-related settings and require an isotopically heavy sedimentary component recycled in their mantle source. Despite their similar δ 98/95 Mo, the two volcanic suites display significantly different Ce/Mo. This requires the occurrence of Ce/Mo fractionation during sediment melting, whose direction depends on both redox conditions and residual mineralogy (sulfides vs. epidote) and the lithology of the subducted sedimentary material undergoing melting (Ca-poor vs. Ca-rich).
Ultrapotassic and potassic leucite-free TMP mafic rocks indicate the presence of a Ca-poor metasomatizing sediment in their mantle source, which must increase its Ce/Mo during partial melting. Residual rutile alone is not sufficient to account for the Ce/Mo value observed in the magmas, and the occurrence of other phases retaining Mo such as sulfide is required.
The Ce/Mo and δ 98/95 Mo of Vesuvius leucite-bearing volcanic rocks are consistent with a two-step metasomatic process: the first is likely similar to that of TMP, while the second requires the involvement of a Ca-
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Geochemistry, Geophysics, Geosystems rich sediment melt component, consistent with the evidence from U-series disequilibria . In this case the stabilization of epidote drives the sediment melt to low Ce/Mo values.
In terms of Mo isotopes, the similarity between the two magmatic associations does not provide any evidence for significant Mo isotope fractionation during sediment melting, although this cannot be excluded especially for Ca-poor sediments. Further experiments on the behavior of Mo isotopes during partial melting of natural materials retaining specific residual phases (e.g., rutile, sulfides, or other accessory phases) will be definitively helpful to put stronger constraints on the behaviour of Mo in subduction zones.
